Abstract-A closed-form analytic current-voltage formula for duct electrostatic precipitators is presented. A short discussion of previous theoretical and numerical solutions is given, followed by an explanation of the theoretical formula derived here. A comparison with experimental data is then given, showing that the present formula is accurate over a wide range of conditions, including wide plate spacing.
INTRODUCTION
p RESENTLY, the Imlost common geomiletry for electrostatic precipitators is of the wire-plate form. A series of equally spaced vertical wires are placed equidistant between two vertical parallel plates. The plates are grounded and the wire is at higlh voltage. A coronia about the wires causes an ioIn currenlt to flow from the wires to the plates. It is assumiied that a gas is uised for wlhich the free electron current is negligible. u is the electrical potential, p is the ion space charge density, and y is in a direction parallel to the plates and perpendicular to the wires. It is not necessary to include boundary conditiotns for p, since p can be derived from u. To see this, note that the three differential eqautions can be replaced by VU.V(72I1) = 0.
A fornula for current density j as a function of the applied voltage VO will be given for this geometry. A niodification of this formula is found whien particles are presenit in the gas stream. The formula is to be applied using the absolute value of the voltage (i.e., positive sign). However, the forimula is valid for positive and negative polarity, provided an account is taken of the differing ion mobilities.
Recently, there has been much increased interest in wide plate spacing (see, for example, [5] The added accuracy will be useful because a mnore accurate model will better predict when a precipitator is operating abnormally. This would be especially important in cases of hiigh resistivity, since the first warning often comes from exceptionally low current densities at lower voltages, and exceptionally high current densities at the higher voltages where the back corona makes itself felt.
II. NUMERICAL METHODS An inmportant question for the pertinence of any theoretical work is how well a computer may numerically calculate the desired data. So far, most numerical methods have used variations of the following scheme.
The applied voltage is divided into an electrostatic voltage and a space charge voltage where the electrostatic voltage equals the current starting voltage. The space charge voltage is the difference between the total applied voltage and the electrostatic voltage. The electric field strength at the wire is assunied to equal the breakdown field of the gas.
Initially a space charge of zero is assumed. The electrostatic potential equals zero at the plate and the starting voltage at the plate. The poteintial betweeni the wire and the plate is then computed by a relaxation method.
This electrostatic field is held fixed and an ion distribution is theni computed by numerically allowing ions to 'flow" in a discrete grid between the wire and the plate. The space charge density is then normalized so that the total potential between the wire and the plate equals the applied voltage.
With the space charge density held fixed and the applied voltage taken as the boundary condition at the wire, the electrostatic field is recomputed. Then the electrostatic field is fixed and the space charge density recomputed. The method is continued until convergence is achieved.
P. Cooperimian [1 uses the first two iterations of this procedure to arrive at a tlheoretical current-voltage formula. The full procedure is also described as a means of obtaining a more accurate formula using further iterations.
Leutert and Bohlen [3] describe and use this numerical procedure and a computer to obtain a number of sample graphs of how field strength and potential vary with position in the precipitator. Unfortunately, they do not normalize their current density in the manner described above. Hence, they are obligated to take current density and voltage as independent parameters. Thus, no current-voltage curves are given.
More recently, McDonald [4] Two tests of any computer model are whether current density and electric flux are conserved in going from the wire to the plate. In this author's experience, one appears to be doing quite well if these quantities change by less than 20 percent. Unfortunately, this author has not had access to detailed printouts from models in the published literature. But it is to be expected that similar numerical methods would yield similar accuracy.
There are several possible alternative numerical techniques. Among these are variable grid size (using a smaller grid size near the wire), variational methods (minimizing a certain integral), and a finite element method. However, it is possible that these methods would contain their own difficulties. In any case, this author has not seen reports on such numerical methods for precipitators in the literature.
Hence, more theoretical techniques are used in hopes of achieving better accuracy. The formula to be here derived is based on two distinct methods created by P. Cooperman and discussed in [9] . For IV. EXPERIMENTAL CONFIRMATION Clearly, an ideal test of this formula would require exceptionally accurate data. In the case of gas with dust it would be difficult to find good data for uniform, measured particle space charge. However. M. Robinson and J. Shepherd [8] have taken highly accurate data for clean air under a wide variety of conditions. Care was taken to avoid edge effects (by using large flared plates), and misalignment. There is some controversy about the proper value of ion mobility. The commonly used value of 2.2 cnl2/s was assumed throughout.
Two examples with positive polarity are given for both conventional and wide plate spacing. This formula consisteintly overestimates the current density by about 7 percent. Reducing the ion mobility to about 2.05 cm2/s would give nearly perfect agreement between experiment and theory. Since some researchers have reported the ion mobility for positive ions to be lower than that for negative ions, the experimental results are considered highiy encouraging.
For conventional plate spacing (Fig. 1) , the new formula agrees with both the experimental data and P. Cooperman's formula to better than 10 percent. For wide plate spacing and thin wires (Fig. 2) , the new formula maintains high accuracy, whereas P. Cooperman's formula is too low by about 30 percent.
V. CONCLUSION The current-voltage relations given hlere are expected to have an accuracy at least as good as many of the previously considered relations. While it would be difficult to find an error bound, both the derivation and the experimental evidence indicate the accuracy to be good over most normal (i.e., no back corona, etc.) operating conditions. This includes the case of wide-plate spacing, which was not as important when many of the older formulas were designed and tested.
NOMENCLATURE b
Wire-plate spacing. 
